Group IV-V-type two-dimensional (2D) materials, such as GeP, GeAs, SiP and SiAs with anisotropic atomic structures, have recently attracted remarkable attention due to their outstanding physics. In this investigation, we conducted density functional theory simulations to explore the mechanical responses of these novel 2D systems. In particular, we explored the possibility of band-gap engineering in these 2D structures through different mechanical loading conditions. First-principles results of uniaxial tensile simulations confirm anisotropic mechanical responses of these novel 2D structures, with considerably higher elastic modulus, tensile strength and stretchability along the zigzag direction as compared with the armchair direction.
Introduction
During the last decade, the interest in the two-dimensional (2D) materials has kept continuously increasing, by theoretical predictions and experimental realization of new members in this family. 2D materials family comprise both isotropic members with high lattice symmetry, such as graphene [1, 2] , and some low-symmetry anisotropic members, such as 1T' transition metal dichalcogenides [3] [4] [5] and distorted-1T rhenium disulfide [6] . Although the 2D materials with high symmetry lattices have been to-date considerably more successful in attracting the interest of scientific community, in recent years the low-symmetry 2D lattices are gaining remarkable attentions [7] . The recent interests toward the anisotropic 2D materials originate from their unique optical (linear and nonlinear), electrical, mechanical, and thermoelectric properties; which create outstanding possibilities for the design of novel angle-dependent devices, including polarization-sensitive photodetectors, integrated digital inverters, mid-infrared polarizers, artificial synaptic devices, linearly polarized ultrafast lasers, and polarization sensors [7] [8] [9] [10] . It is quiet wellknown that the fundamental properties of 2D materials strongly correlate to the crystal structure and symmetry. This issue highlights the importance of exploring different aspects of in-plane anisotropy in 2D materials atomic lattices in order to provide understanding of the anisotropic structure-property relations.
Group IV-V-type 2D materials, such as germanium phosphide (GeP), germanium arsenide (GeAs), silicon phosphide (SiP) and silicon arsenide (SiAs) are another family of low-symmetry materials, predicted originally by Ashton et al. [11] in 2016.
The bulk structures of GeP, GeAs, SiP and SiAs are quite well-known to exhibit anisotropic material properties. Bulk GeP and GeAs structures have been experimentally realized by Donohue and Yang [12] , back to 1970. SiP and SiAs bulk layered structures were also studied by Beck and Stickler [13] . Recently, bulk single crystals of GeP, GeAs, SiP and SiAs have been successfully grown by melt-growth under high pressure in a cubic anvil hot press [14] . As an exciting matter of fact concerning these bulk structures, due to the weak van der Waals interlayer interactions, experimental realization of their 2D structures can be accomplished efficiently by exfoliation. In this regard, most recently GeAs nanomembranes were experimentally realized by Yang et al. [7] , which were found to yield highly anisotropic in-plane electronic and optical properties. In another most recent experimental advance, for the first time 2D GeP structures were fabricated by Li et al. [15] , with strong in-plane anisotropic physical properties. Worthy to note that the thermal and dynamical stability of single-layer GeP and GeAs have been recently studied theoretically by Zhou et al. [16] . Recent exciting experimental advances with respect to the synthesis of 2D GeP and GeAs, certainly highlight the practical prospect for the experimental realization of SiP and SiAs in 2D form in the near future. Worth mentioning that in a recent first-principles density functional theory (DFT) investigation by Cheng et al. [17] , the exfoliation energy for SiP, SiAs, GeP and GeAs were predicted to be 0. , which further highlight the experimental prospects for their monolayer realization. To the best of our knowledge, mechanical properties of these novel 2D structures have been studied neither theoretically nor experimentally.
The objective of present study is therefore to explore the mechanical properties as well as the strain engineering of electronic properties of single-layer GeP, GeAs, SiP and SiAs through using the first-principles DFT simulations.
Computational method
In order to explore the mechanical and electronic properties of single-layer GeP, GeAs, SiP and SiAs, first-principles DFT simulations were conducted using the Vienna ab-initio simulation package (VASP) [18] [19] [20] . The plane wave basis set with an energy cut-off of 500 eV and generalized gradient approximation (GGA) exchange-correlation functional proposed by Perdew-Burke-Ernzerhof (PBE) [21] were also employed. Periodic boundary conditions were applied in all directions with a vacuum layer of 20Å to avoid the image-image interactions along the sheet thickness. VESTA [22] package was employed in order to illustrate the structures.
To evaluate the mechanical properties, we conducted uniaxial tensile modelling for a unit-cell. To this aim, we increased the size of the periodic simulation box along the loading direction with a constant engineering strain step. We remind that for the uniaxial loading of 2D materials, upon the stretching along the loading direction, the stress along the transverse direction should stay negligible. To satisfy this condition, after applying the loading strain, the simulation box size along the transverse direction of the loading was changed accordingly in a way that the transverse stress remains negligible. After applying the changes in the simulation box size, the atomic positions were rescaled to avoid any sudden void formation or bond stretching as well. We then used the conjugate gradient method for the geometry optimizations, with strict termination criteria of 10 -5 eV and 0.01 eV/Å for the energy and forces, respectively, within the tetrahedron method with Blöchl corrections [23] . Since the atomic lattices of studied monolayers are highly elongated in one direction (armchair direction as shown in Fig, 1) , we used 3×7×1 Monkhorst-Pack [24] k-point mesh size, in which the lower k-point mesh of 3 was used along the direction with the longer length (armchair direction). Since the PBE functional are well-known to underestimate the band-gap values, we also employed the screened hybrid functional, HSE06 [25] to investigate the electronic band-gap, with the same K-point mesh size as that was used for the evaluation of mechanical properties.
Results and discussions
We first employed the DFT calculations for the unit-cells energy minimization and corresponding geometry optimization. Fig.1 , illustrate the top and side views of atomic lattices of energy minimized single-layer SiP, SiAs, GeP and GeAs, which show ABC atomic stacking sequence. In order to analyse the anisotropicity in mechanical properties, we evaluated the mechanical response along the armchair and zigzag directions, as depicted in Fig. 1 . The lattice constants of energy minimized monolayers along the armchair and zigzag are summarized in Table 1 . In Fig. 2 , the DFT predictions for the uniaxial stress-strain responses of single-layer SiP, SiAs, GeP and GeAs elongated along the armchair and zigzag directions are compared. In all cases, the stress-strain responses present an initial linear relation which is followed by a nonlinear trend up to the ultimate tensile strength point. The slope of the first initial linear section of stress-strain curve is equal to the elastic modulus. In this work, we therefore fitted lines to the stress-strain values for the strain levels below ~0.02 to report the elastic modulus. Within the elastic region, the strain along the traverse direction (ɛ t ) with respect to the loading strain (ɛ l ) is constant and can be used to evaluate the Poisson's ratio, as: ˗ɛ t /ɛ l . Our results for the uniaxial loading along the armchair and zigzag directions shown in Fig. 2 , for the all considered 2D structures clearly reveal that the both linear and nonlinear sections of stress-strain responses are different. In Table 2 , the mechanical properties of these novel 2D structures are summarized. Interestingly, along the zigzag direction these systems show considerably higher elastic modulus, tensile strength and strain at ultimate tensile strength as well. These results confirm the highly anisotropic mechanical response of these 2D materials. As it is clear, single-layer SiP and GeAs, respectively, exhibit the highest and lowest, elastic modulus and tensile strengths. Interestingly, the strain at ultimate tensile strength which is the representative of the stretchability of these structures were found to be close and convincingly independent of the atomic compositions. Notably, along the zigzag direction the stretchability of studied monolayers is by around two times higher than that along the armchair direction. As an interesting finding, the stretchability of single-layer SiP, SiAs, GeP and GeAs along the zigzag are slightly higher than that of the high-symmetry 2D structures. Worthy to remind that the strain at the ultimate tensile strength point for pristine graphene and hexagonal boron-nitride were found to be ~0.27 [26] and ~0.3 [27] , respectively, which are lower than the value of ~0.31 that we predicted for the uniaxial loading of these novel 2D structures along the zigzag. In order to better understand the bonding nature in these novel 2D systems, in Fig. 3 the electron localization function (ELF) [28] 3D profiles are plotted. The ELF is a position-dependent function ranging from 0 to 1. The ELF values close to one corresponds to the region with high probability of finding electron localizations and ELF = 0.5 corresponds to the region of electron gas-like behaviour. For the studied monolayers, the ELF values around the center of all bonds are greater than 0.75, confirming the covalent bonding in these structures. Nevertheless, the electron localization is also considerable around the As and P atoms originated from their higher valance electrons as well as their higher electronegativity leading to charge gain from Ge and Si atoms. This charge transfer also induce ionic interactions between heteronuclear bonds in these 2D systems. According to our analysis of deformation process, the lower tensile strength and stretchability along the armchair direction for these 2D structures can be explained due to the Si-Si and Ge-Ge homonuclear bonds. These homonuclear bonds are exactly oriented along the armchair direction, and for the loading along this direction they involve directly in the load bearing and stretching as well. These homonuclear bonds are also weaker in comparison with heteronuclear bonds, as they are fully covalent and lack the ionic contributions. As observable in Fig. 1 , around these homonuclear bonds the packing density of studied 2D materials are also minimum. It was found that the for the uniaxial loading along the armchair direction these bond exhibit the highest elongation and the final structural rupture also occurs in these bonds. For the uniaxial loading along the zigzag direction, these homonuclear bonds are exactly oriented along the transverse direction of loading and thus their softer stiffness cannot suppress the mechanical properties. These findings reveal the interesting deformation mechanism of studied monolayers which are different from other 2D materials [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] .
We next probe the electronic properties of single-layer SiP, SiAs, GeP and GeAs by calculating the total electronic density of states (DOS) within the PBE and HSE06
methods. In Fig. 4 GeAs by various mechanical loading conditions. In this case, we also conducted the biaxial tensile loading simulations and compared the results with those of uniaxial tensile loadings. As shown in Fig. 5a , for the single-layer SiP by uniaxial loading along the zigzag and biaxial loading, the band-gap values were found to be close. In these cases the electronic band-gap almost linearly decreases by increasing the strain value, reaching to ~1.6 eV for the strain level of 0. Motivated by the recent experimental advances in the fabrication of GeP and GeAs in 2D forms, we conducted first-principles density functional theory simulations to explore the mechanical responses and electronic band-gap of single-layer SiP, SiAs, GeP and GeAs. We first studied the mechanical properties by performing the uniaxial tensile simulations. Our first-principles results confirm the highly anisotropic mechanical responses along the all considered monolayers, in which along the zigzag direction these systems show considerably higher elastic modulus, tensile strength and stretchability as well. As an interesting finding, the stretchability of single-layer SiP, SiAs, GeP and GeAs along the zigzag were found to be slightly higher than that of the high-symmetry 2D structures, such as the graphene and hexagonal boronnitride. The lower tensile strength as well as the stretchability along the armchair direction was found to be mainly due to the softening effects of Si-Si or Ge-Ge homonuclear bonds, which are exactly oriented along the armchair direction.
According to the HSE06 method results, the electronic band-gaps of energy minimized single-layer SiP, SiAs, GeP and GeAs were estimated to be 2.58 eV, 2.3 eV, 2.24 eV and 1.98 eV, respectively. Our results highlight the strain tuneable bandgap character in single-layer SiP, SiAs, GeP and GeAs and confirm that various mechanical loading conditions can be employed to finely alter the electronic responses of these novel 2D materials.
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